Background. Herpes zoster (HZ) risk is increased in human immunodeficiency virus (HIV)-infected persons. Live attenuated zoster vaccine (ZV) reduces HZ incidence and severity in adults; safety and immunogenicity data in HIV-infected adults are limited.
VZV glycoprotein enzyme-linked immunosorbent antibody (gpELISA) and the geometric mean fold rise (GMFR) in VZV antibody titer measured at 6 weeks postvaccination. No serious adverse events (SAEs), or clinical, laboratory, or body system abnormalities aside from injection site reactions (ISRs) and headache occurred more commonly in ZV than placebo recipients. More recently, data from studies of a recombinant adjuvanted HZ subunit vaccine (HZ/su) showed that it was 96.6% effective in reducing the incidence of HZ in adults ≥50 years of age, 91.3% effective in those aged ≥70 years, 91.2% and 88.8% effective, respectively, in reducing postherpetic neuralgia, and was generally safe [16, 17] . Immunocompromised persons and people with HIV infection were excluded from all of these vaccine efficacy trials.
Previous studies demonstrated that heat-inactivated VZV vaccine increased cell-mediated immune responses to VZV, reduced the incidence and severity of HZ, and was safe and well tolerated in immunocompromised VZV-seropositive bone marrow and hematopoietic stem cell transplant recipients [14, 15] . Two doses of live attenuated VZV vaccine administered 12 weeks apart to HIV-infected, VZV-seronegative children was safe and immunogenic, although the study was not powered to assess efficacy [15] . The safety, immunogenicity, and efficacy of HZ vaccines have not been fully characterized in HIV-infected adults, including those virologically suppressed on ART. This study was conducted to address the hypothesis that 2 doses of ZV would have comparable safety and immunogenicity to that observed in the SPS when given to HIV-infected adults virologically suppressed on ART with CD4 + T-cell counts of ≥200 cells/µL. A 2-dose schedule was selected to address the concern that lower vaccine immunogenicity might be observed in HIV-infected persons compared with healthy adults (Supplementary Data).
METHODS

Study Design
We conducted a randomized, double-blind, placebo-controlled trial at 43 AIDS Clinical Trials Group Network sites to evaluate safety and immunogenicity of 2 doses of ZV or placebo in HIVinfected adults ≥18 years of age. The study was reviewed and approved by local institutional review boards at all participating sites. All participants provided written informed consent. An independent data and safety study monitoring committee reviewed the safety data and interim results.
Study Population
Eligible participants had CD4 + T-cell counts of ≥200 cells/µL on a stable ART regimen (no change within 90 days prior to entry), undetectable plasma HIV RNA levels (lower limit of detection <75 copies/mL) within 90-180 days of entry, and no detectable plasma HIV RNA within 30 days prior to enrollment and were either VZV seropositive or had a history of varicella or HZ >1 year prior to entry. Randomization was stratified by screening CD4 + T-cell count: ≥200-349 cells/µL (low CD4 + stratum) or ≥350 cells/µL (high CD4 + stratum). Participants were excluded if they had a nadir CD4 + count <100 cells/µL by history, prior VZV vaccines, or other immunosuppressive disorders; were pregnant or breastfeeding; or were taking chronic antiherpesvirus medications.
Intervention
Participants received 1 subcutaneous injection of 0.65 mL of ZV or placebo on day 0 and at week 6.
Follow-up
Study visits occurred at weeks 2, 6, 8, and 12. If the second vaccination was delayed, evaluations were performed at 2 and 6 weeks, respectively, after the second vaccination. Participants reporting signs or symptoms suggestive of HZ, varicella, or vaccine-related adverse events (AEs) of severity greater than Division of AIDS (DAIDS) grade 1 or mild [18] were scheduled for an interim clinic visit. All participants were followed for 42 days after each vaccination and were contacted by telephone after each vaccination and at week 24 to collect HZ or vaccination-related AEs.
Safety Evaluations
All AEs of DAIDS grade 2 or higher [18] , any signs or symptoms that led to a change in treatment, and all signs and symptoms suggestive of HZ or varicella occurring within 42 days after each vaccination were recorded. Thereafter, only serious AEs attributed to vaccination, signs and symptoms suggestive of HZ or varicella, and deaths were recorded. Vaccination report cards completed by participants recorded daily temperatures, systemic AEs, rash (HZ-or varicella-like), nonstudy vaccines or medications received during 42 days after each vaccination, and ISRs for 5 days after each vaccination, and were reviewed at each study visit.
Identification, Evaluation, and Confirmation of Suspected Cases of Herpes Zoster
Participants experiencing varicella-like, HZ-like, or generalized rashes were asked to notify the site and return for an interim clinic visit within 72 hours of onset. Study personnel recorded rash characteristics, HZ or varicella exposure history, complications, and any medications used; performed a targeted physical examination; and, from those with rashes that were clinically judged to be varicella-like or HZ-like, obtained 2 swabs of lesions for polymerase chain reaction (PCR) testing to confirm VZV and differentiate vaccine strain from wild type. Participants were examined every third day until no new lesions appeared and all older lesions were healing, and were offered supportive treatment at the discretion of the investigator. All lesion specimens were shipped to PPD Vaccines and Biologics, LLC, in Wayne, Pennsylvania, for PCR detection of VZV and herpes simplex virus (HSV) DNA, as previously described [11] . If VZV DNA was detected, the suspected case was classified as confirmed; if VZV DNA was not detected, a case was not considered confirmed. "Clinical HZ" was defined as signs and symptoms compatible with HZ without laboratory confirmation.
Immunogenicity Evaluations
Immunogenicity evaluations were performed at 6 weeks after each dose of ZV or placebo. VZV-specific gpELISA antibody responses were measured for all participants (PPD Vaccines and Biologics). Interferon-gamma (IFN-y) enzyme-linked immunospot (ELISPOT) cell-mediated immune responses (University of Pittsburgh Immunology Specialty Laboratory, Pennsylvania) were measured in peripheral blood mononuclear cells obtained on the first 40 participants entering stage 2 in each CD4 stratum.
Primary and Immunogenicity Endpoints
The primary composite safety endpoint was the occurrence of International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH)-defined SAEs or DAIDS grade 3 and 4 signs and symptoms, excluding SAEs related to trauma, during the 6-week period after receipt of any dose of ZV or placebo [18, 19] . Immunogenicity endpoints were VZV-specific gpELISA antibody and IFN-γ ELISPOT responses 6 weeks after 1 and 2 doses of ZV or placebo.
Statistical Analysis
Target accrual for this study was 400 participants randomized 3:1 to ZV or placebo to accrue 285 participants who received ZV and had evaluable safety data. A decision rule for stage 1 interim safety was if >3 of the first 36 ZV recipients experienced a composite safety endpoint, then a decision about whether to continue, modify, or halt the study would be made. Per the protocol, the end-of-study decision rule for the ZV arm reflected the observed safety endpoint rate in the placebo arm: ZV would be considered to have acceptable safety if ≤18 of 285 ZV recipients with evaluable safety data experienced a study-defined primary endpoint. For further details of the derivation of the sample size and decision rules, see Supplementary Data (event rates based in part on [20] ). Analyses of safety endpoints employed a 2-sided α = .05 level.
The immunogenicity endpoint was defined as the within-arm means of the natural log-transformed VZV-specific gpELISA antibody titers at 6 weeks after each vaccination. To control the overall type I error on immunogenicity at a 1-sided .025 level, sequential testing was used such that antibody titers at week 6 were only tested at the 1-sided .025 level if week 12 titers were significantly different at the 1-sided .025 level. A second immunogenicity endpoint was defined as the within-arm, per-protocol maximum GMFR in VZV-specific IFN-γ ELISPOT response in a subset of 40 participants in each CD4 stratum with prespecified 1-sided .05-level test.
RESULTS
Study Participant Characteristics
A total of 395 participants (296 ZV and 99 placebo) were enrolled from April 2009 through June 2011 ( Figure 1) ; demographics are summarized in Table 1 . The majority were on ART regimens composed of nucleoside reverse transcriptase inhibitors plus either nonnucleoside reverse transcriptase inhibitors or boosted protease inhibitors. Tables 2 and 3 summarize vaccine safety data. Overall, 17 protocol-defined primary endpoints were observed within 6 weeks of the first or second vaccine dose, 15 (5.1%) in ZV and 2 (2.1%) in placebo recipients. Eight participants (2.7%) in the ZV group and 2 (2.0%) in the placebo group experienced ICH-defined SAEs while grade 3 and 4 AEs not associated with an SAE occurred in 7 (2.4%) participants in the ZV arm.
Vaccine Safety
ISRs, characterized as pain, tenderness, edema, erythema, or rash, were reported more frequently in participants who received at least 1 dose of ZV compared with placebo recipients (42% and 12.4%, respectively). The majority of ISRs were reported as grade 1 or 2. The number of participants with and severity of ISRs were similar across CD4 + strata. With the exception of ISRs, there were no statistically significant differences in AEs between arms or across CD4 + strata.
Nineteen participants reported varicella-or HZ-like rashes (Table 2 ). Twelve had specimens tested by PCR; 2 were PCR-positive for wildtype VZV, 2 were PCR positive for HSV, and 8 were PCR negative.
Suspected or Confirmed Herpes Zoster Cases
Four participants had clinically suspected HZ (Table 4) ; 2 were confirmed HZ based on PCR testing, which was positive for wild-type VZV (1 ZV, 1 placebo recipient). Tables 5 and 6 summarize VZV gpELISA results by treatment arms pooled across CD4 + strata. The median of log n VZV antibody titer was significantly higher in the ZV arm than for placebo at both week 6 and 12 (P < .001 for both). The mean changes from baseline for log n VZV antibody titer were higher in the vaccine arm at weeks 6 and 12 compared with placebo. VZV titers were higher in the ZV arm in both CD4 + strata compared with placebo (Supplementary Data).
Vaccine Immunogenicity
The log n gpELISA VZV antibody titer was modeled longitudinally using linear mixed-effects methods including treatment, CD4 + count, baseline titer, and age. ZV recipients had significantly higher antibody titers (P < .001) than placebo, and participants in the higher CD4 + stratum had significantly higher antibody titers than those in the lower CD4 + stratum (P = .003) (data not shown). VZV-specific antibody geometric mean titers (GMTs) and GMFR were also significantly higher in ZV recipients compared with placebo at both week 6 and week 12 (P < .001; Table 6 ). Table 7 summarizes VZV-specific IFN-γ ELISPOT responses by treatment arms pooled across CD4 + strata. The maximum GMFR in the vaccine arms was compared with placebo and the GMFR at week 6 and week 12 is included to illustrate trends. With the prespecified 10% type I error for this analysis, the maximal GMFR was greater in the vaccine arms than in the placebo arm (P = .07). The actual GMFR was significantly greater at week 6 in the vaccine arm than in the placebo arm, although at week 12 the difference was not significant. Additional analyses of the interactions between GMFR and nadir CD4 + cell count, baseline CD4 + cell stratum, and age were not significant (data not shown).
DISCUSSION
The incidence of HZ in HIV-infected persons is estimated at 9.3 per 1000 person-years in those on ART, and HZ continues to cause substantial morbidity [9, 21, 22] . In 1 study, 28% of persons with HIV and HZ developed complications, including 12% with postherpetic neuralgia [22] . The risk is greatest in the 90 days after starting ART and in those with detectable plasma HIV RNA and CD4 + counts <350 cells/μL [22] ; thus, effective vaccine prevention in still needed in this population. The SPS and ZEST demonstrated that ZV was safe and effective in reducing the incidence of HZ, morbidity, and postherpetic neuralgia compared with placebo in older adults [11, 12] . We demonstrated that ZV is safe and immunogenic in HIV-infected adults with CD4 + counts of ≥200 cells/µL who were virologically suppressed on ART. ISRs were more frequent in ZV than placebo recipients, but there were no statistically significant differences in the rates of other vaccination-related SAEs or grade 3 or 4 AEs between the ZV and placebo arms. In both the SPS and ZEST, gpELISA antibody responses were significantly higher for ZV than placebo [11, 12, [23] [24] [25] . In the SPS, the estimated fold differences in both GMT and GMFR from baseline for ZV vs placebo were 1.7 each (95% confidence interval, 1.6-1.8). The antibody response explained 45.9% of the ZV effect on HZ outcomes. In ZEST, the GMFR in gpELISA antibody was a better correlate of protection than the absolute levels of antibody at week 6 postvaccination. Both the VZV gpELISA titer and the GMFR in VZV antibody titer postvaccination were significantly higher for ZV than placebo recipients in our study, and baseline CD4 + count was significantly related to VZV antibody response after controlling for baseline titer and age; that is, VZV antibody responses were more robust in ZV recipients in the higher than the lower CD4 + stratum.
Week 6 and 12 postvaccination VZV gpELISA GMTs and GMFR in our study were comparable to those reported in the SPS, although somewhat lower than those observed in ZEST. VZV-specific cell-mediated immune responses in a subset of participants in the SPS indicated that responder cell frequency and VZV-specific IFN-γ ELISPOT assay results correlated with Cutaneous VZV event was originally reported as possible disseminated VZV, later updated to the adverse event term "vaccine-related rash, " deemed probably related to study therapy.
vaccine protection [24] . Similarly, in a subset of participants from our study, maximal IFN-γ ELISPOT responses were significantly greater in ZV recipients than for placebo recipients. Data evaluating the safety, immunogenicity, and efficacy of either live attenuated ZV or recombinant HZ/su in HIVinfected adults, including those virologically suppressed on ART, are limited. In a study of heat-inactivated vaccine, 80 HIV-infected adults with CD4 + counts of <200 cells/µL who were on ART for at least 30 days were randomized 3:1 to 4 doses of vaccine or placebo [26] . IFN-γ ELISPOT and gpELISA antibody 30 days after the fourth dose were generally higher in vaccine than placebo recipients; AE rates were similar. However, immune responses were less robust than in our study, although all participants in that study had CD4 + cell counts <200 cells/ µL; plasma HIV RNA was not reported. Another study enrolled 67 HIV-infected adults with CD4 + cell counts of ≥400 cells/µL and plasma HIV RNA levels <1000 copies/mL who received 2 doses of live-attenuated varicella vaccine administered 12 weeks apart [27] . Although the vaccine was safe, VZV responder cell frequency, lymphocyte proliferation, and IFN-γ ELISPOT responses were only modestly higher in vaccine than placebo recipients. The lower immunogenicity observed in that study may have resulted from lower vaccine potency compared to that of ZV in our study, and not all participants were on ART or virologically suppressed. Last, in 94 persons with HIV virologically suppressed on ART with CD4 + cell counts ≥200 cells/ µL, similar to our study population, HZ/su was safe and immunogenic, as measured by VZV CD4 + T-cell responses and gpELISA antibody levels [28] . Although generally similar results were observed for those with CD4 + counts of 50-199 cells/µL or those not on ART but with CD4 + counts >500 cells/ µL, numbers were too small in these subsets to draw firm conclusions [28] . Our study has several limitations. It was not powered to fully evaluate efficacy of ZV in preventing HZ or HZ-related complications. Confirmed HZ due to wild-type VZV occurred in only 1 vaccine and 1 placebo recipient. Neither developed postherpetic neuralgia or other complications. Although the study was not powered for efficacy, the magnitude of the VZV gpELISA antibody titers in the higher CD4 + cell stratum and the GMFR in VZV antibody titers overall in ZV recipients were similar to responses associated with significant reductions in the incidence of HZ and postherpetic neuralgia in HIV-uninfected adults in SPS [11] . Similar to the experience in healthy adults, we did not observe a further increase in antibody response after a second ZV dose, suggesting that only 1 ZV dose is necessary to induce an immune response that may be protective [29] . We did not follow participants beyond 24 weeks, so longer-term durability of the ZV immune response is unknown. Last, our sample size was not large enough to detect differences in rare AEs in the ZV and placebo arms. Of note, SAEs, sometimes fatal, have been described after inappropriate ZV administration [30] [31] [32] .
In a recent update, the Advisory Committee on Immunization Practices preferentially recommends the use of adjuvanted recombinant HZ/su vaccine over live attenuated ZV to prevent HZ and related complications in adults aged ≥50 years; however, a recommendation for immunocompromised persons, including those with HIV, is lacking, as these were excluded from efficacy studies [33] . We demonstrated that live attenuated ZV, in the largest study to date of HZ vaccines in HIV-infected adults with CD4 + counts ≥200 cells/µL who are virologically suppressed on ART, is safe and associated with immunogenicity similar to that in HIV-uninfected older adults in the SPS. While the benefit-risk profile supports the use of ZV in this population to potentially reduce the incidence of and morbidity associated with HZ, data remain insufficient to preferentially recommend HZ/su or ZV. Abbreviations: CI, confidence interval; GMFR, geometric mean fold rise. a Statistically significant result was defined as a P value <.10 based on analysis of covariance.
